The coupling between the dark sectors provides a new approach to mitigate the coincidence problem of cosmological standard model. In this paper, dark energy is treated as a fluid with a constant equation of state, whose coupling with dark matter is proportional the Hubble parameter and dark energy density, that is, Q = 3Hξxρx. Via combining the background energy transfer and vanishing momentum transfer potential in the frame of either dark matter or dark energy, we derive the evolution equations for the density and velocity perturbations. Using jointing data sets which include cosmic microwave background radiation, baryon acoustic oscillation, type Ia supernovae, and redshift-space distortion, we perform a full Monte Carlo Markov Chain likelihood analysis for the coupled model. The results show that information provided by f σ8(z) test significantly enhances the precision of the constraints on the cosmological parameters compared to the case where only geometric measurements are adopted. In particular, the mean value with errors of interaction rate is: ξx = 0.00354 +0.000695+0.00583+0.00953 −0.00354−0.00354−0.00354 , which means that the recently cosmic observations favored small interaction rate which is up to the order of 10 −3 , meanwhile, the measurement of redshift-space distortion could freeze out large interaction rate in 1σ region.
I. INTRODUCTION
In the theoretical frame of general relativity, the accelerated expansion of the Universe could be successfully explained by so-called dark energy: an exotic and mysterious component with negative pressure. Recently, the Planck data [1] [2] [3] , covering a wide range of angular scales up to multipole number l ∼ 2500 with respect to the measurements of the cosmic microwave background (CMB) anisotropy, tells us that dark energy occupies about 68% of the Universe, dark matter accounts for 28%, and baryonic matter occupies 4%. The simplest dark energy model consists of the cosmological constant and cold dark matter, which is dubbed as the ΛCDM model. Although the standard scenario is in good agreement with the new observational data, it meets with a fundamental puzzle, that is, the coincidence problem [4] [5] [6] : why the densities of dark matter and dark energy are of the same order of magnitude, given that they evolve so differently with redshift? The wCDM model, which is composed by cold dark matter and dark energy with a constant equation of state (EoS), could be a possible way to keep away from this issue.
Another effective method to alleviate the coincidence problem is to consider the coupling between dark matter and dark energy. The coupling allows the energy and momentum exchanges in the dark sectors, it would be possible to evoke such coupled mechanism to help mitigate the coincidence problem. This is a primary motivation for coupled dark energy. Since the nature of both dark matter and dark energy remain a mystery, there is as yet no reliable basis in fundamental theory for determining the coupled form. In most cases, the coupled dark energy models are on the basis of phenomenological consideration . A kind of popular method to specialize the coupled form is designing it as the linear combinations about the energy densities of the dark sectors
where Q denotes the energy exchange between dark matter and dark energy, A i = Γ i or A i = 3ξ i H (i=c,x), both Γ i /H 0 and ξ i are constants which might be called as interaction rate, whose absolute values of ranges are generally [0, 1] in the cosmological constraints [19, 26, 29, 61, 63] . The first type of coupled model is only related to the energy densities of the dark fluids, which is determined by local quantities [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The second type of coupled model is proportional to the Hubble parameter and the energy densities of the dark sectors, which is influenced by the expansion rate of the Universe . In addition, some other coupled forms have been discussed in Refs. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . According to the phenomenological approach, in a flat Friedman-Robertson-Walker (FRW) universe, the coupling could be introduced into the background conservation equations for dark matter and dark energy
where the subscript c and x respectively stand for dark matter and dark energy, the prime denotes the derivative with respect to conformal time τ , a is the scale factor of the Universe, H = a ′ /a is the conformal Hubble parameter, w x = p x /ρ x is the EoS parameter of dark energy. Q > 0 presents that the direction of energy transfer is from dark matter to dark energy, which changes the dark matter and dark energy redshift dependence acting as an extra contribution to their effective EoS; Q < 0 means the opposite direction of the energy exchange.
The coupling between the dark sectors could significantly affect not only the expansion history of the Universe, but also the evolutions of the density perturbations, which would change the growth history of cosmic structure, one can see Refs. [9, 13, 14, 19, 28, 57] . Moreover, the structure growth of dark matter could distinguish the coupled dark energy model from the uncoupled one even if the two models own the almost identical background evolutions. In other words, the large scale structure information could provide the key to break the possible existing degeneracy at the background level. In the linear regime, peculiar velocity makes the galaxy redshift-space power spectrum anisotropic when the underlying real space linear power spectrum is isotropic. This anisotropy is dubbed as redshift-space distortion (RSD), which allows measurement of the amplitude of fluctuations in the velocity field. Based on the RSD test, a model-dependent measurement of f σ 8 (z) has been suggested in Ref. [66] , where σ 8 (z) is the overall normalisation of the matter density fluctuations. Many RSD measurements have been released from a variety of galaxy surveys in Table I , which include the 2dFGRS [67] , the WiggleZ [68] , the SDSS LRG [69] , the BOSS CMASS [70] , and the 6dFGRS [71] surveys. These measurements from large scale structure could been used to carry out the constraints on the cosmological models. Under the inspiration of this idea, in combination with the RSD test and geometric measurements which mainly include CMB, baryon acoustic oscillation (BAO), and type Ia supernovae (SNIa), cosmological constraints on several models have been investigated in Refs. [72, [75] [76] [77] [78] [79] , the results show that information provided by the RSD-derived f σ 8 (z) test significantly enhances the precision of the constraints on the cosmological parameters compared to the case where only geometric measurements are adopted. In particular, for the coupled dark energy model, the geometry measurements mildly favor the coupling between the dark sectors [19, 26, 29, 61, 63] , at the same time, the measurement about the growth rate of dark matter perturbations possibly rules out large interaction rate which was indicated in Ref. [19] . Therefore, the f σ 8 (z) test would provide a very powerful and robust constraints on the interaction rate. Along this point of view, Yang and Xu combined the geometric tests with the RSD measurement to constrain the dark energy model when the momentum transfer was vanished in the dark matter frame [25] , the jointing data sets are able to estimate the parameter space to high precision and evidently tighten the constraints. They concluded that the recently cosmic observations favored small interaction rate between the dark sectors, at the same time, the measurement of redshift-space distortion could rule out large interaction rate in 1σ region. In this paper, we also try to add the RSD measurement to constrain the coupled dark energy model for the disappeared momentum transfer in the rest frame of dark energy. It is worthwhile to anticipate that the large scale structure measurement will help to significantly tighten the cosmological constraints and some evidences could freeze out large interaction rate. This paper is organized as follows. In the next section, for the ξwCDM model (the wCDM model with the interaction rate ξ x ), we review the perturbation equations of the dark sectors in the rest frame of dark energy. Moreover, we consider the form Q = 3Hξ x ρ x as our coupled model, which could be successfully free from the large scale instability of the perturbations. In section III, we show the effects on the CMB temperature power spectra, matter power spectra, and evolution curves of f σ 8 (z) for the changed values of ξ x . Then, we conduct a global fitting to the observational data by the Markov Chain Monte Carlo (MCMC) approach, and discuss the results of the likelihood analysis, particularly, with respect to the interaction rate. In the final section, our conclusions are presented.
II. THE PERTURBATION EQUATIONS OF DARK FLUIDS
Scalar perturbations of the flat FRW metric are given in general by [15, 17, 19] 
A fluid satisfies an energy-momentum balance equation [15, 17, 19 ] TABLE I: The data points of f σ8(z) measured from RSD with the survey references. The former nine data points at z ∈ [0.067, 0.78] were summarized in Ref. [72] . The data point at z = 0.8 was released by the VIPERS in Ref. [73] . Then, a lower growth rate from RSD than expected from Planck was also pointed out in Ref. [74] . 
where Q A is the energy transfer rate in the background equations, and f A is the momentum transfer potential.
Relative to the total four-velocity, one could have the components [15, 17, 19 ]
The background energy transfer does not uniquely determine the perturbation equations of A fluid. Therefore, an additional assumption about the momentum transfer potential needs to be made. According to Refs. [14, 19] , the momentum transfer potential could vanish in the dark matter or dark energy frame. In the absence of anisotropic stress, we could derive the evolution equations for the density perturbations δ A = δρ A /ρ A (continuity) and velocity perturbations θ A (Euler) equations for A fluid [25] 
where
In the above equations, c
is the adiabatic sound speed, and c 2 sA = (δp A /δρ A ) restf rame [17, [88] [89] [90] is the A-fluid physical sound speed in the rest frame. As usual, c 2 sA should be taken as a non-negative value [17] .
One should pay special attention to the large scale instability of the perturbations in the coupled dark energy model [17] [18] [19] [20] [21] [22] [23] , the energy transfer Q = 3Hξ c ρ c and Q = 3H(ξ c ρ c + ξ x ρ x ) are both subjected to the large scale instability [17] . Here, we take the coupled form as Q = 3Hξ x ρ x which owns the stable perturbations in most cases [17, 19, 23] . Furthermore, in the light of Refs. [19, 23] , the stability conditions of the perturbations are ξ x > 0 and (1 + w x ) > 0. As for the phantom case w x < −1, together with ξ x < 0, which does not suffer from the instability, but we exclude it on account of the unphysical property [91] .
In the synchronous gauge (φ = B = 0, ψ = η, and k
Here, we assume that baryons and photons are not coupled to dark energy and are separately conserved. The coupling between the dark sectors gives rise to some differences between the density perturbations of dark matter and baryons. In line with δ m = (ρ c δ c + ρ b δ b )/(ρ c + ρ b ), we could obtain the growth function of total matter by the relation
We modify the CAMB code [92] and CosmoMC package [93] so that the RSD test could be used to constrain the coupled model. One can see Refs. [25, [75] [76] [77] [78] [79] for some details on using f σ 8 (z) measurement to test the cosmological models. In the next discussion, we will consider the case of the vanishing momentum transfer in the rest frame of dark energy, that is, Q µ A u µ x (b=0).
III. COSMOLOGICAL IMPLICATIONS AND CONSTRAINT RESULTS
A. Theoretical predictions of CMB temperature, matter power spectra, and f σ8(z) evolution When the coupling case Q µ A u µ x happened, in the modified CAMB code, we fix some input parameters and only vary the interaction rate ξ x so that we could gain an insight into the physical implications of the coupling between the dark sectors. Figs. 1 and 2 , respectively, show the CMB and matter power spectra for four values of ξ x with all other cosmological parameters set to mean values in the fifth column of Table III . Positive ξ x presents that the direction of energy transfer is from dark matter to dark energy, when the fractional dimensionless density parameter Ω c is fixed today, the energy density of dark matter would have been correspondingly greater in the past than without the uncoupled case. It means that a larger proportion of dark matter and a more significant effect from photon driving before decoupling, which could make the amplitude of the CMB temperature power spectra decreased and the position of the peaks shifted. Moreover, the deviation from the standard evolution law a −3 of dark matter affects the CMB temperature power spectra at the low l part via the integrated Sachs-Wolfe (ISW) effect due to the evolution of gravitational potential. The nowadays matter power spectra represent a relative increase for varied interaction rate ξ x , since in the past the more energy density of dark matter naturally leads to more structure formation and an increase in the amplitude of the matter power spectra. Besides, as the aspect of the structure growth of the Universe, we plot the evolution curves of f σ 8 (z) in Fig. 3 . The curves are enhanced at both lower and higher redshifts, when the values of ξ x are increased. From the CMB and matter power spectra, the case of ξ x = 0.00354 (corresponds the ξwCDM model with mean value) and that of ξ x = 0 (corresponds to the uncoupled wCDM model) are almost impossible to distinguish from each other. Fortunately, the evolution curves of f σ 8 (z) show some different features, which significantly distinguishing the ξwCDM model with mean value from the uncoupled wCDM model. To some extent, the f σ 8 measurement could break the possible degeneracy between the two models.
B. Data sets and constraint results
To constrain the interaction rate from the currently available cosmic observations, we adopt the MCMC method to perform the likelihood analysis under the stability conditions ξ x > 0 and (1 + w x ) > 0. We do this by making use of the publicly available CosmoMC package. The code is modified in the light of the perturbation evolutions of the ξwCDM model for the case of b = 0. We consider the following eight-dimensional parameter space for the coupled model Table I ; the other relevant parameters are fixed with the mean values as shown the fifth column in Table III .
Data names Data descriptions and references CMB
l ∈ [50, 2500] temperature likelihood from Planck Table I TABLE II: The used data sets for our MCMC likelihood analysis on the coupled dark energy model, where l is the multipole number of power spectra, and WMAP9 is the abbreviation of nine-year Wilkinson Microwave Anisotropy Probe.
the priors to the basic model parameters are summarized in the second column of Table III . Moreover, the priors of the cosmic age 10Gyr < t 0 < 20Gyr and Hubble constant H 0 = 73.8 ± 2.4kms −1 M pc −1 [80] are used. The pivot scale of the initial scalar power spectrum k s0 = 0.05M pc −1 is adopted in this paper. In order to avoid the unphysical sound speed, we assume c 2 sx = 1 according to Refs. [15, 17, 19] . For our numerical calculations, the total likelihood χ 2 can be constructed as
where the used data sets for our MCMC likelihood analysis are listed in Table II .
The mean values with errors and best fit values, respectively, presented in the fifth and sixth columns of Table III after running eight chains in parallel on the computer. In Figs. 4 , We present the one-dimensional (1D) marginalized distributions of parameters and two-dimensional (2D) contours with 68% confidence levels (C.L.), 95% C.L., and 99.7% C.L.. We also constrain the ξwCDM model without the f σ 8 (z) measurement so that we could find the effects on the cosmological constraint of RSD test, the results are shown in the third and fourth columns of Table III. We find the interaction rate ξ x = 0.219
−0.0343 in 1σ region from the third column of Table III . We could find the similar constraint results in the previous papers. Before Planck data, the coupled form Q = Γ x ρ x was considered in Ref. [19] , coupled dark energy with a constant EoS has been constrained by CMB from WMAP7 [94] , BAO [95] , HST (Hubble Space Telescope) [96] and SNIa from SDSS [97] , the constraint results of Q µ A u µ x presented that the best fit value of interaction rate was Γ x /H 0 = 0.798. The geometry measurements mildly favor the coupling between the dark sectors [19, 26, 29, 61, 63] , at the same time, the measurement about the growth rate of dark matter perturbations possibly rules out large interaction rate which was indicated in Ref. [19] .
After Planck data, we compare our constraint results of Q [25] , the same coupled form Q = 3Hξ x ρ x was considered, the model has been tested by CMB from Planck + WMAP9, BAO, SNIa and RSD data. The results showed the interaction rate in 3σ regions: ξ x = 0.00372 +0.000768+0.00655+0.0102 −0.00372−0.00372−0.00372 . They declared that the measurement of redshift-space distortion could rule out large interaction rate in 1σ region. In this paper, we obtain the compatible constraint results and the same conclusion with Ref. [25] . From the fifth column of Table III , we find the recently cosmic observations indeed favor small interaction rate ξ x = 0.00354 +0.000695+0.00583+0.00953 −0.00354−0.00354−0.00354 after the RSD measurement is added. Moreover, in 1σ region, the f σ 8 (z) test could freeze out large interaction rate.
In the case of using the same data sets, the difference of the minimum χ 2 , ∆χ 2 min = 2.726, between the ΛCDM model and the ξwCDM model, since the latter has another two parameters w x and ξ x .
IV. SUMMARY
Based on the large scale stability of the perturbations, we considered the coupled form Q = 3Hξ x ρ x as our research emphasis. For the dark energy model, we took dark energy as a fluid with a constant equation of state parameter w x . The coupling between the dark sectors gave rise to the deviation from the uncoupled case. In the evolution of background equations, the effective EoS of dark energy was changed. As for the cosmological perturbations, we derived the evolution equations of the density perturbations and velocity perturbations for the ξwCDM model by combining the background energy transfer with vanishing momentum transfer potential in the rest frame of dark energy. By changing the interaction rate ξ x and fixing the other parameters, we have gained the insight into the physical implications of the coupling between the dark sectors, which mainly included the evolution of CMB temperature power spectra, matter power spectra, and f σ 8 (z). The figures told us that f σ 8 (z) evolution could significantly break the degeneracy between the ξwCDM model and wCDM model, but the power spectra could not make it. Then, using CMB from Planck + WMAP9, BAO, SNIa, and the RSD measurement, we conducted a full Monte Carlo Markov Chain likelihood analysis for the coupled model. The jointing data sets are able to estimate the parameter space to high precision and evidently tighten the constraints than the case without f σ 8 (z) test. The results showed the interaction rate in 3σ regions: ξ x = 0.00354 +0.000768+0.00655+0.0102 −0.00354−0.00354−0.00354 . It meant that the currently available cosmic observations favored small interaction rate which is up to the order of 10 −3 , at the same time, the f σ 8 (z) test could freeze out large interaction rate in 1σ region. In this paper, we have carried out a global fitting on the ξwCDM model for the case of Q µ A u µ x by the recently cosmic observations. In the future, when the expansion rate of the Universe is perturbed [24] , we try to constrain the coupled model by combining the RSD measurement with the geometry test for the two cases Q according to the appendix B of Ref. [25] . It is worthwhile to anticipate that the large scale structure measurement will help to significantly tighten the constraints for some other cosmological models and give the constructive suggestion for theoretical research.
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